Thermal barrier coatings (TBCs) on high temperature components in gas turbine engines are in some cases damaged by calcium-magnesium-alumino-silicates (CMAS) resulting from the ingestion of siliceous minerals at high temperatures exceeding 1200°C. An attempt to develop a non-destructive detection technique of CMAS damage on TBCs was carried out through an AC impedance technique in this work. The CMAS-affected TBC specimens were prepared by simulating the CMAS damage in laboratory, employing a synthetic CMAS product. The change in electric capacitance was measured by using an LCR meter. It was found that the capacitance of the ceramic top coat showed higher value at CMAS infiltrated areas, compared with that at the non-infiltrated ones. While the capacitance increased with increasing infiltration depth, the change in capacitance of the TBC specimen decreased when the CMAS enhanced the delamination damage of TBC top coat. Some discussion was made on the changes in capacitance using a simple condenser model, so that the present electric technique is applied to the CMAS damage detection and evaluation.
Introduction
Thermal barrier coatings (TBCs) have been widely used to protect the hot-section metallic components of gas turbine engines, such as combustor liners and turbine blades, from high temperatures (Goward, 1998 , Miller, 1984 , Okazaki, 2003 , Padture et al., 2002 , Seth, 2000 . The TBCs commonly consist of both a ceramic top coat with a low thermal conductivity, typically yttria-stabilized zirconia (YSZ), which provides heat insulation, and a metallic bond coat which provides oxidation resistance and improves the adhesion between top coat and metallic substrate (Goward, 1998 , Padture et al., 2002 . The use of TBCs has allowed higher engine operating temperatures exceeding 1200°C at the surface of the TBC top coat, thus improving thermal efficiency of the engines (Seth, 2000) . Recently, new material critical issues have been pronounced. One of them is the damage of TBCs by molten calcium-magnesium-alumino-silicates (CMAS) resulting from the ingestion of siliceous minerals with the intake air and from unclean fuels such as syngas and biomass gas (Borom et al., 1996 , Levi et al., 2012 , Mercer et al., 2005 , Naraparaju et al., 2014 , Vidal-Setif et al., 2012 , Wright and Gibbons, 2007 . The CMAS can melt and infiltrate into pores of the top coat resulting in a decrease of strain tolerance and increase of thermal conductivity of the top coat (Mercer et al., 2005 , Kakuda et al., 2015 . The molten CMAS can also interact with the top coat material resulting in the morphological changes and phase transformation of the top coat as well as the small void formation (Hayashi et al., 2015 , Krämer et al., 2006 .
A non-destructive and simple detection method is an urgent matter for higher reliability of the TBCs and better engine operation management, however, only a limited success have been achieved by destructive macro-and micro-observations (Borom et al., 1996 , Naraparaju et al., 2014 . Hayashi, Yamagishi and Okazaki, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej. The present study focuses on the change in electrical properties of TBCs by the CMAS damage. Assuming the TBC specimen as a condenser, the capacitance of the TBC specimen would be changed due to the CMAS damage. On the basis of this postulation, non-destructive detection of the CMAS damage is explored in this work. Some physical backgrounds which lead to change in capacitance are also provided using a simple condenser model.
Experimental procedure

Preparation of model CMAS
A model CMAS powder which has the chemical composition shown in Table 1 was used, referring to the deposits reported by Borom et al. (Borom et al., 1996) . The powder was prepared though the following process; the constituent oxides were mixed and the mixture was melted in an alumina crucible at 1550°C for 30 min in an electric furnace, after which the melt was quenched in Air before pulverization, as shown in Fig. 1 (Aygun et al., 2007) . Onset of melting of the CMAS powder was experimentally measured by ~1210°C by a differential thermal analysis (Hayashi et al., 2015) .
Preparation of CMAS-affected specimens
Specimens used were both a self-standing ceramic top coat specimen and a ring-shape TBC specimen: Table 2 and Fig. 2 . The former specimen in Fig. 2(a) comprised of 8wt.% YSZ (8YSZ) were prepared by air plasma spraying (APS) on a stainless steel substrate and then detached from the substrate to be self-standing specimen by the dissolution of the steel using 50% aqua regia. The ring-shape TBC specimen shown in Fig. 2(b) consist of a Ni-base superalloy substrate coated with an APSed CoNiCrAlY bond coat and an APSed 8YSZ top coat; which has been fabricated by the same process in the previous work (Okazaki et al., 2010) .
The CMAS damage was given to the two types of specimens by physically contacting with the model CMAS powder at 1250°C; see Table 2 . The amount of CMAS was ~0.5mg per unit specimen surface. The heating and cooling rates after the CMAS exposure were 10°C/min and 6°C/min, respectively.
The cross-sectional micrographs of the ceramic top coat with and without CMAS damage are shown in Fig. 3 . It is clear that the pores in the top coat were significantly decreased due to CMAS infiltration. Table 2 Details of the specimens used in this study. Fig. 2 Geometry of the self-standing ceramic top coat specimen and the ring-shape TBC specimen. (b) Ring-shape TBC specimen (a) Self-standing ceramic top coat specimen Hayashi, Yamagishi and Okazaki, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej.16-00280]
Measurement of electric capacitance via AC impedance method
Electric capacitance of the CMAS-affected specimens was measured by employing an AC impedance technique by means of an LCR meter (3532-50 LCR HiTESTER, HIOKI). Before the measurement a gold coating was deposited on the ceramic top coat surface by ~50 nm in thickness to ensure stable electric contact. On measuring a pair of probes was physically touched on the specimen surface as shown in Fig. 4 . The applied voltage and electric frequency were 1.0 V and 1 MHz, respectively. The temperature during the measurement was kept in the range of 20-25°C.
Results
Capacitance of the CMAS damaged ceramic top coat specimen.
Electric capacitance of the plate specimen to which the CMAS damage was given locally was measured by employing a method illustrated in Fig. 5 (a). Figure 5 (b) shows the change in capacitance and the corresponding relative permittivity at each segment with and without CMAS infiltration. Here, the relative permittivity, ε , was calculated from the obtained capacitance, C, using a parallel-plate condenser model (Rogé et al., 2003) :
where 0 ε is the permittivity in vacuum (8.854 x 10
is the distance between electrodes and S is electrode area. d was regarded as the specimen thickness and it was measured by a micrometer. It is clear from Fig. 5(b) that the capacitance and the relative permittivity at the CMAS-affected area were significantly higher than those at the non-attacked one. Thus, the measurement of capacitance is expected to be useful for non-destructive detection.
Next, the capacitance was measured in the plate specimen that had different relative thickness of CMAS infiltrated layer; dc/d: Fig. 6(a) . Here, the relative ratio, dc/d, was changed by reducing the thickness of non-infiltrated layer, d, while keeping the thickness of CMAS infiltrated layer, dc, as constant. The thickness of CMAS infiltrated layer, dc, was (a) Plate type ceramic top coat specimen Hayashi, Yamagishi and Okazaki, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej. measured by the depth to which the reduction in porosity due to CMAS infiltration was significant. Figure 6 (b) presents the change in relative permittivity with the increase in CMAS infiltration depth, dc/d. Note, the relative permittivity after CMAS infiltration, ε', was normalized by the initial relative permittivity, ε (before CMAS infiltration). It is found that the relative permittivity increases with increasing CMAS infiltration depth.
The above two results indicate that the CMAS infiltrated area and the depth can be detected non-destructively by measuring the change in capacitance. The change in capacitance due to CMAS infiltration will be discussed through a simple condenser model in Section 4.
Change in capacitance in the three-dimensional TBC specimen subjected to CMAS.
In this section the electric capacitance of closed type three-dimensional TBC specimen exposed to the CMAS was measured by using a ring-shape specimen; Fig. 2 . Figure 7 shows the change in capacitance and the corresponding relative permittivity at each position on the ring-shape TBC specimen partially exposed to CMAS. The capacitance and relative permittivity showed the lowest at the CMAS-affected area. This is apparently conflicting with the results given in Fig. 6 . A morphology of top/bond coat interface which was affected by CMAS is presented in Fig. 8 . As observed by other researchers (Borom et al., 1996 , Mercer et al., 2005 , Hayashi et al., 2015 , it was often the case that the CMAS infiltration promotes the delamination of top coat. Once the delamination is pronounced, the interface crack is nucleated and opened between the top/bond coat, which forms an atmospheric area (Fig. 8) . This area may also play an important role to change electric permittivity. Yamagishi et al. similarly indicated that the capacitance decreased by the delamination crack advance of TBC top coat (Yamagishi et al., 2013) . Thus, it is responsible to postulate the change in capacitance in the three-dimensional TBC components is attributed to two factors: the CMAS infiltration into the top coat itself and the associated delamination. Fig. 7 Change in capacitance and corresponding relative permittivity in the ring-shape TBC specimen partially exposed to CMAS. The capacitance and relative permittivity show the lowest at the CMAS-affected area, #5. Hayashi, Yamagishi and Okazaki, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej.16-00280]
Discussion
It made clear that the capacitance was significantly changed by the CMAS infiltration, and it was also influenced by the associated delamination of top coat at the same time. Here, the CMAS infiltration makes the capacitance increase, whereas the associated delamination does decrease. In this section, these changes in capacitance are discussed through a simple condenser model.
The APSed ceramic top coat can be modeled by a multilayered system consisting of YSZ material and pores (including air) as shown in Fig. 9(a) . (Note that an oxide layer between top coat and bond coat, or thermally grown oxide (TGO), is not considered in this model. This approximation must be reasonable at least in this work because the TGO was less grown. Note the ring-shape TBC specimen was exposed in Argon gas environment. If the growth of TGO is significant, the TGO layer should be incorporated into the model.) The total capacitance, C, is represented by
where CA and CY are the capacitance of the air layer and YSZ layer, respectively. The CY can be expressed as
where 0 ε is the permittivity in vacuum, Y ε is the relative permittivity of the bulk YSZ, d is whole thickness of top coat, dA is the thickness of the air layer and S is the electrode area. The CA can be expressed as
where A ε is a relative permittivity of the air. Substituting Eqs. (3) and (4) into Eq. (2), the C can be rewritten as
When the CMAS is infiltrated into the APSed ceramic top coat, an additional term relating to the pores (including air) and CMAS is supposed to be connected in series; Fig. 9(b) , where the air layer decreases with increasing CMAS infiltration depth. Thus, the total capacitance is changed from Eq. (5) to a new value, C', which can be denoted by
where CA * is the capacitance of the air layer after CMAS infiltration and CC is the capacitance of CMAS. Since the thickness of the air layer decreases with increasing CMAS infiltration depth under a given thickness of ceramic top coat, the CA * can be expressed as
where dC is the thickness of the CMAS layer. The CC can be expressed as
where c ε is the relative permittivity of the CMAS. Substituting Eqs. (3), (7) and (8) into Eq. (6), the C' can be rewritten as Hayashi, Yamagishi and Okazaki, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej.16-00280]
where ε is initial relative permittivity before CMAS infiltration and ' ε is the relative permittivity after CMAS infiltration.
The ratio of initial thickness of the air layer to the whole thickness of top coat, dA/d, can be calculated by using the experimentally measured relative permittivity before CMAS infiltration, in terms of the relative permittivity of air, 1  A ε , and the relative permittivity of YSZ, 30  Y ε (Steil et al., 1997) . Since the relative permittivity before CMAS infiltration was 21.1, the thickness ratio, dA/d, is determined by 0.014. The relative permittivity of the bulk CMAS, C ε , was measured by 9.5.
The increase in the capacitance due to CMAS infiltration is estimated in Fig. 6 . The calculation result is consistent with the experimental results. Thus, the condenser model can provide reasonable background to the increase in capacitance.
On the other hand, the CMAS promoted top coat delamination at the interface in the TBC specimen, as shown in Fig. 10 . Since the delamination introduces an atmospheric zone, the capacitance of system should be changed from C' to C'' , given by
where CD is the capacitance of the delamination crack (atmospheric zone). The CD can be expressed as δ
where δ is an interfacial crack opening displacement. Hayashi, Yamagishi and Okazaki, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej.16-00280]
Thus,
. Figure 11 expresses the change in relative permittivity due to the increase in crack opening displacement ratio, δ/d, by Eq. (14). The dotted and solid lines represent 0% and 100% CMAS infiltration into top coat, respectively. For the purpose of comparison the experimentally measured values those have already given in Fig. 7(b) are also plotted, where delamination crack opening displacement, δ, along the center of each electrode area was measured by an optical microscope. Although the both calculated results show value a little lower than the experimental data, the trend in which the relative permittivity decreases with the opening of the interfacial crack is essentially consistent with the experimental results. In the other words, it is effective to introduce an idealized atmospheric zone for a delamination crack which is promoted by the CMAS. The result presented in Fig. 7(b) demonstrates that the role of the delamination played more strongly to the change in capacitance than that of the CMAS infiltration into the top coat; hence the measurement of capacitance is more useful for non-destructive detection of CMAS damage for the case when it enhances the ceramic top coat delamination. Because the crack opening level, at the same time, depends on the crack geometry and the size as well as the component geometry, the change in capacitance should be affected by them. Further work is underway on this topic to advance the potential applications of the present technique. Hayashi, Yamagishi and Okazaki, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej.16-00280]
Conclusion
Non-destructive detection of the CMAS damage on TBCs was attempted using the AC impedance measurement. The following conclusions can be drawn from this study.
1) The electric capacitance of the ceramic top coat was increased by the CMAS infiltration. However, the capacitance of the TBC system was decreased once the delamination of the ceramic top coat at the top/bond coat interface was enhanced by the CMAS attack. 2) An electrical model was proposed to validate the changes in capacitance due to the CMAS infiltration and the associated top coat delamination, where the interface cracked area by delamination was treated as an atmospheric zone depending on crack opening displacement. The models were essentially consistent with the experimental results.
3) The measurement of capacitance is more useful for non-destructive detection of CMAS damage for the case when it enhances the ceramic top coat delamination.
